Aim Three-quarters of Octocorallia species are found in deep waters. These coldwater octocoral colonies can form a major constituent of structurally complex habitats. The global distribution and the habitat requirements of deep-sea octocorals are poorly understood given the expense and difficulties of sampling at depth. Habitat suitability models are useful tools to extrapolate distributions and provide an understanding of ecological requirements. Here, we present global habitat suitability models and distribution maps for seven suborders of Octocorallia: Alcyoniina, Calcaxonia, Holaxonia, Scleraxonia, Sessiliflorae, Stolonifera and Subselliflorae.
INTRODUCT ION
Octocorallia are the most diverse group of corals, with over 3000 described species (Cairns, 2007) . Approximately 75% of octocorals are found in waters deeper than 50 m, a lower proportion than azooxanthellate Scleractinia (87%; Roberts et al., 2009) . Cold-water octocorals are not reef-forming but they can form single-or multi-species assemblages where the density of colonies on the seabed is very high. These are commonly referred to as 'coral gardens' or 'coral forests' (Freiwald et al., 2004; Stone, 2006) . These communities can be composed of Octocorallia, Anthipatharia, Scleractinia and Stylasteridae, creating structural habitat that can be exploited by other fauna. The entire emergent epibenthic community can reach up to 100% coverage of the seabed, with coral colony densities as high as 6.52 m )2 in waters off Alaska (Stone, 2006) . The entire epibenthos can attain several metres in height and form a significant heterogeneous habitat (Freiwald et al., 2004; Stone, 2006) . Habitats formed by cold-water corals have a high biological diversity, especially in terms of the species richness of associated animals (Stone, 2006; Edinger et al., 2007) . The relationship between corals and other fauna is difficult to ascertain because many species use coral facultatively and are often found in alternative habitats (e.g. Edinger et al., 2007) . However, some studies indicate the importance of octocoral habitats for organisms such as invertebrates (Buhl-Mortensen & Mortensen, 2004) , groundfish (Edinger et al., 2007) , commercial rockfish (Stone, 2006) and general fish associations with a variety of coral habitats (Söffker et al., 2011) . One clear indication of the association of octocorals and commercial fish species is the frequency of occurrence of octocorals as by-catch in most types of bottom contact gear used by fisheries (Stone, 2006) . Bottom-trawling in particular has the capacity to devastate cold-water coral frameworks by entirely removing structural habitats and associated sessile fauna (Watling & Norse, 1998; Hall-Spencer et al., 2002; Freiwald et al., 2004) , but the majority of impact studies have focused on scleractinian corals. Fishing impacts on octocorals are less well known, although observations from the north-western Atlantic and north-eastern Pacific indicate that they are also vulnerable (Stone, 2006; Edinger et al., 2007) . The resilience of such communities is perceived to be very low as some octocorals have slow growth rates and high longevity (Freiwald et al., 2004; Althaus et al., 2009) . To date, there have been no quantitative studies on the recovery of cold-water octocoral communities that are known to have been destroyed by fishing activity. The limited observations that do exist are based on broader cold-water coral communities and suggest that no or very limited recolonization occurs several decades after impact (Althaus et al., 2009) . Concerns over these long-lasting impacts have led to a number of resolutions by the United Nations General Assembly (UNGA) relating to the protection of vulnerable marine ecosystems (VMEs) in the oceans from fisheries, culminating in UNGA Resolutions 61/105 and 64/72 (Rogers & Gianni, 2010) , which enshrine a precautionary approach to fishing in areas where VMEs occur by requiring impact assessment of bottom fishing activities. However, problems with the implementation of these rules have been identified and more precautionary measures have been recommended (Auster et al., 2011) .
A significant problem with the identification of VMEs, such as octocoral habitat, is the lack of information on the geographic distribution of benthic communities throughout much of the deep sea. The deep ocean is the most poorly sampled habitat on Earth and patterns of diversity and distribution of the majority of species remain largely unresolved (Glover & Smith, 2003) . Several approaches, singly or in combination, have been used to identify where VME species occur or are likely to occur including: (1) historical observations of species, (2) the use of fisheries observers to collate bycatch information on species found in VMEs, (3) multibeam and single-beam bathymetric surveys to identify small-scale changes in bathymetry, slope angle and backscatter associated with some VMEs (e.g. scleractinian reefs), (4) surveys using a remote operated vehicle (ROV), submersibles or other sampling methods, and (5) habitat suitability modelling. The advantage of habitat suitability models is the potential to predict distributions in areas where no direct specimen observations have occurred.
Habitat suitability modelling has been applied to the prediction of the distribution of cold-water corals at local, regional and global scales (Leverette & Metaxas, 2005; Bryan & Metaxas, 2006 , 2007 Davies et al., 2008; Dolan et al., 2008; Tittensor et al., 2009; Woodby et al., 2009; Davies & Guinotte, 2011) . These studies, with the exception of Woodby et al. (2009) , have all employed statistical methods that are based on presence-only data. Reliable absence data for deep-sea species generally is not available as only a tiny proportion of habitats are usually sampled and there are large mismatches between patchy habitats and analysis resolutions. For Scleractinia, environmental niche factor analysis (ENFA) and maximum entropy (Maxent) models have been employed at both the species level, for Lophelia pertusa, a major reef-forming coldwater coral (Davies et al., 2008) , for framework-forming scleractinians (Davies & Guinotte, 2011) and for all coldwater scleractinians occurring on seamounts (Tittensor et al., 2009) . These studies identified aragonite saturation state, temperature, salinity and oxygen concentrations as being important influences on the distribution of framework-forming cold-water scleractinian corals. These studies predicted that the North East Atlantic, south-eastern coast of USA and New Zealand are important areas for framework-forming coldwater scleractinian corals in terms of providing suitable habitat. The seamount study also identified a band of suitable habitat in the Southern Hemisphere ranging from around 20°t o 50°S, spanning the Atlantic, Indian and Pacific oceans (Tittensor et al., 2009) ; presumably because it included many species for which the geographic range was not principally restricted to, or centred outside of, the North Atlantic Ocean.
Habitat suitability analyses have only been carried out on octocorals at the regional scale, in the north-eastern Pacific (Bryan & Metaxas, 2006) and north-western Atlantic (Leverette & Metaxas, 2005) . These studies concentrated on 13 species of corals belonging to the families Paragorgiidae and Primnoidae and results suggested that depth, slope, temperature and surface chlorophyll a concentrations were important predictors of coral distribution, with some differences between taxa. These studies were criticized for being inconsistent with observations that gorgonians were broadly distributed in continental-shelf environments, probably because the resolution was too coarse, and because of a lack of in situ observations and verification (Etnoyer & Morgan, 2007) . Woodby et al. (2009) analysed the distribution of octocorals, scleractinians and stylasterids, although the majority of corals observed were octocorals. They used a different modelling approach, where video transect data were used to generate predictive models of coral presence and absence using logistic regression and generalized estimating equations. These predictions were based upon a limited number of physical parameters (depth, slope and rugosity of the seabed) derived from multibeam echosounder data. This limited the scope of the predictions as it didn't include information on temperature, salinity, oxygen or carbonate chemistry that is available from global datasets, although the importance of these variables at local scales is currently unclear. Depth and slope were identified as particularly important for predicting coral distribution in the Aleutian region (Woodby et al., 2009) .
Our study used 32 environmental variables spanning all factors previously recognized as potentially influencing coral distribution, at a very high global resolution of 30-arc seconds (approximately 1 km 2 ) that were developed by Davies & Guinotte (2011) . Maps of predicted habitat suitability are provided for seven octocoral suborders, with the aims of providing further information on where coral-associated VMEs are likely to occur and of identifying the environmental variables that could play an important role in controlling their distribution.
MATERIALS AND METHODS

Octocoral distribution data
Octocoral distribution data were gathered from museum collections, cruise reports, deep-sea researchers, oceanographic institutions and publications to form a single database. A total of 85 separate data sources were used: 21 institutes/museums/ online databases/individual researchers, and 64 original journal/report sources. A data cleaning and filtering process was used to remove records of poor quality or outside the remit of this study. We set a threshold of 50 m water depth based on the specimen collection data to separate deep/cold-water from shallow-water octocorals, reflecting the tendency for zooxanthellate species to occur in waters shallower than 50 m and azooxanthellate species in waters > 50 m depth (Cairns, 2007) . The majority of records came from trawl sampling gear where the location and depth were noted at the beginning and end of each haul. For octocoral records collected from such hauls the positional midpoint was used. As trawl records introduce spatial uncertainty to the model predictions, this will only affect the analysis where the beginning and end points cross a pixel boundary of the underlying environmental data and there is a large environmental difference between these locations. Taxonomic names were reconciled with the taxonomic treatment of Williams and Cairns (http://researcharchive.calacademy. org/research/izg/OCTOCLASS.htm), with those names not found in this treatment excluded from the analysis. Duplicate records found in multiple museum collections or publications were removed. A total of 12,508 observations of octocorals were collected, spanning seven suborders within Octocorallia (see Table 1 for a taxonomic breakdown by suborder and family). Because of the present lack of agreement and knowledge on octocoral taxonomy at fine taxonomic resolutions, any analysis below the level of suborder would be insufficiently robust for some families, genera and species; hence, analyses were performed at the suborder level only. See Appendix S1 in Supporting Information for details of the sources of the distribution data. Prior to analysis multiple records that fell within a single grid cell were removed, retaining only a single record to ensure that each 30-arc second cell was represented by only a single specimen for each suborder (Table 1) .
Environmental layers
An ever-increasing array of global marine environmental data are becoming publicly available, many of which are potentially useful for habitat suitability modelling. This study focused on the 32 environmental layers outlined in Table 2 . The majority of these three-dimensional environmental datasets are a series of vertically stratified grids of relatively coarse resolution (0.25-3.6°, the majority were 1°), whilst the highest resolution data was the 30-arc second bathymetric grid. Ideally, habitat suitability modelling should be conducted at the finest possible resolution, in order to resolve local-scale patterns. To achieve a fine resolution, we used a recent interpolation of these data to 30 arc-second seafloor grids (Davies & Guinotte, 2011) , which were shown to correlate well with water bottle data (e.g. temperature correlation of 0.924). The selection of environmental layers is a critical step in preparation for habitat suitability modelling because many modelling techniques are adversely affected by incorporating too many variables, potentially causing over-fitting of the model (Peterson et al., 2007) . One approach is to pre-select a smaller subset of available variables for use in the final model based on biological knowledge or single-factor analyses (e.g. Peterson et al., 2007) . Many of the layers examined for this study were similar in nature (e.g. co-variant measures of productivity including the vertically generalized production model and particulate organic carbon) and can be grouped together as aspects of biology, chemistry or geology (see Table 2 ). The groups chosen were 'bathymetry': layers directly derived from the bathymetry grid; 'carbonate chemistry': measures of aragonite and calcite saturation states; 'hydrodynamics': measures of local current flow; 'productivity': direct and indirect measures of primary productivity; 'oxygen': a variety of measurements of oxygen dissolution/saturation/ utilization; 'chemistry': all other chemical measurements of the water column; 'temperature': the single measurement of temperature. Temperature was not grouped with other variables, as it is important in the regulation of biological processes and high temperatures can trigger coral diseases (Rogers et al., in press) and along with salinity is the most frequently sampled environmental parameter of the water column.
A correlation analysis of environmental layers at locations with coral observations was performed using the Pearson correlation with the 'cor' function in the stats package of R (version 2.11.1, http://www.R-project.org/). Many variables showed high correlation with other variables (Appendix S2a), Four layers created using moving windows of 5, 20, 30 and 100 km. Slope abbreviations (slo5 km, slo20 km, slo30 km, slo100 km); rugosity abbreviations (rug5 km, rug20 km, rug30 km, rug100 km). 
Global distribution of deep-sea octocorals
Journal of Biogeography 39, 1278-1292 notably amongst aragonite and calcite saturation states (correlation > 0.91), and oxygen measurements (> 0.81) with intermediate correlation for productivity measurements (> 0.5). The depth layer was not included in the final analyses, as all layers utilized depth at some point in their construction. A single variable from each of the aforementioned variable groups was selected for each model in order to represent a wide range of potentially important biological factors, but to reduce the potential for model over-fitting. The variable selection in each group was based on the predictive value of habitat suitability models based on a single environmental layer.
Modelling methods
We used Maxent version 3.2.1 (http://www.cs.princeton.edu/ schapire/maxent/) to generate the models. The Maxent algorithm estimates habitat suitability by finding the distribution with maximum entropy under constraints given the relationship of environmental data with species presence data. Tittensor et al. (2009) found that the maximum entropy method consistently outperformed ENFA in cross-validation of models for cold-water corals. In this study, 10,000 points were randomly selected to use as background data to construct the model, and each model run set aside 30% of occurrence records for model evaluation. Maxent model parameters used were regularization multiplier = 1, maximum iterations = 500 and a convergence threshold = 10 )5 . Initially, Maxent models were run using a single environmental layer as input, to test for the fit of the validation points to individual layers. This was assessed using the AUC (area under the receiver operating characteristic curve; Fielding & Bell, 1997) to select those layers that best explained the distribution of each taxon. The AUC is a threshold independent measure of model performance ranging from 0 to 1. An AUC value of 0.5 represents a model that performs no better than random, whilst 1 is maximally predictive. The final models were created using seven environmental layers, the single most explanatory layer from each group outlined above (i.e. one oxygen measure, one productivity measure etc.). Map outputs were based on models using all occurrence data for training, and saved as logistic scores (0-1), which represent the probability of presence of the modelled taxa (Phillips & Dudík, 2008) . A consensus/summary map incorporating all seven octocoral suborders was constructed by generating binary presence/absence maps from the model outputs indicating areas of high suitability using a score threshold that maximized the sum of the specificity and sensitivity based on the validation data (Carroll, 2010) . These binary layers were summed to generate a layer containing the number of octocoral suborders predicted to be present per cell. The use of thresholds to convert multi-score predictions into binary presence/absence is a simplification that masks important detail of relative preference, but can provide useful summaries for conservation planning (Carroll, 2010) . Several tests were performed to examine the impact of sampling bias in the distribution data. Sampling bias in occurrence data is likely to be both geographic, towards more accessible locations closer to industrialized locations, and bathymetric, with shallower sampling being more prevalent due to the logistics and expense of sampling at depth. To test for this, models were run excluding data from well-sampled areas. Also, Phillips et al. (2009) suggest a method to correct for sampling bias, by selecting background data with similar sampling bias as the occurrence data. To test for depth bias random background data were chosen to match the depth distribution profile of the occurrence data based on the 33 depth bins used by the underlying global environmental grids (i.e. the World Ocean Atlas; Boyer et al., 2005; Garcia et al., 2006a,b) . Models were re-run using this depth-biased background data.
Additional models were also run using the ecological niche factor analysis (ENFA; Hirzel et al., 2002) approach, to test the sensitivity of results to the model algorithm used. ENFA models were run using openModeller version 1.1.0 (http:// openmodeller.sourceforge.net/) using the default settings. AUC values for single and multi-variable models were tested for significant differences using the statistic of DeLong et al. (1988) with the R package pROC (http://expasy.org/tools/ pROC/). Similarity of model projections was assessed using the I statistic of niche correlation (Warren et al., 2008) in the R package phyloclim (http://cran.r-project.org/web/packages/ phyloclim/).
R ESULTS
The octocoral database contained 12,508 samples (Fig. 1) . After removing records without order-level identification and those outside the area with environmental data, 5500 remained for modelling. More than half of the observations were collected in the North Atlantic. In contrast, only 6% of samples are from the Indian Ocean, indicating significant sampling bias around developed countries. Frequency distribution profiles showed that sampling was also skewed towards shallower areas (selected variables in Fig. 2 and the complete dataset in Appendix S2b).
AUC values for each of the 32 single-variable models for each suborder are shown in Table 3 . The AUC values ranged from almost indistinguishable from random (0.565, Sessiliflorae -slope 30 km radius) up to a high of 0.960 (Subselliflorae -temperature). Of the two hydrodynamics variables, the models based on regional current flow consistently outperformed those based on vertical flow. Similarly, models solely based on particulate organic carbon flux outperformed all other models within the productivity group for every suborder. There was variation in AUC values between suborders, but in every group there was one variable that outperformed the others. Apparent oxygen utilization was the most explanatory for six of the seven suborders within the oxygen derived variables. Of variables derived solely from bathymetry data, the coarse slope layer (slopes over a 100 km radius) had the highest predictive values for six of the seven suborders. Similarly, salinity was most predictive for six of the seven suborders within the chemistry-derived variables. Two datasets for both aragonite and calcite saturation states were available for analysis (Orr et al., 2005; Steinacher et al., 2009) . Models based on data from Steinacher et al. (2009) performed consistently better for all taxa, with AUC values ranging from 0.887 to 0.958. AUC values for models based on aragonite saturation state differed by less than 0.001 from those based on calcite saturation. These differences were always assessed as insignificant by the DeLong et al. (1988) method. However, the calcite saturation state variable was selected as it was marginally better for four of the seven suborders.
The seven selected environmental variables were used to build a final multi-layer model for each taxon (Table 4 shows model evaluation, including AUC values, for these models). All multivariate models were significantly better than any single-variable model, as assessed by the DeLong statistic. AUC values ranged from 0.945 (Sessiliflorae) up to 0.981 (Stolonifera). Variable contributions for the models show the predominance of calcite saturation state in determining habitat suitability for suborders of Alcyonacea. For the suborders of Pennatulacea it is temperature that contributes most to the models, but the relative contributions of other variables (productivity, salinity and calcite saturation state) are noteworthy.
All suborders show a preference for continental shelves and continental margins, particularly for the North and West Atlantic and the Western Pacific Rim (Fig. 3) . The MidAtlantic Ridge is highlighted in all maps, along with many smaller topographic features in the high seas. The consensus map shows that approximately 17% of global oceans are suitable for at least a single octocoral suborder, and that 3.5% of the ocean area is suitable for all seven suborders.
The results from the ENFA analyses highlighted the same broad-scale topographic features such as continental shelves and the Mid-Atlantic Ridge. Appendix S3 provides full details of the ENFA model results for each suborder. ENFA models performed significantly worse than Maxent models (as assessed by AUC), which is consistent with prior analyses comparing the two approaches in the deep sea (Tittensor et al., 2009) .
Forty-six per cent of distribution data came from the FAO areas of the NW Atlantic and Western Central Atlantic, an area representing only c. 6% of global oceans. In order to test for a regional bias in the construction of the habitat suitability models, additional Maxent models were built without data from these two areas. These model outputs were found to be highly correlated with models constructed with all available data points. The mean I statistic for the seven suborders was 0.87, with a minimum of 0.75 for Alcyoniina and a maximum of 0.93 for Calcaxonia, AUC values ranged from 0.898 to 0.982, but DeLong significance tests were not possible due to the reduced sample numbers used in the revised models.
Although only 6% of octocoral observations originated from the Indian Ocean, there were extensive areas of suitable habitat predicted by the models that have not yet been sampled, including sections of the ocean ridges. Many locally important areas are difficult to see on the global maps (Fig. 3) , but the high resolution of the models enables zooming to reveal rich detail. For example, within the approximately 545,000 km 2 Exclusive Economic Zone of the British Indian Ocean Territory, which has been declared a Marine Protected Area by the British government, our analysis suggests that more than 65,000 km 2 is suitable (based on the binary threshold) for at Figure 1 Global distribution of deep-sea octocoral observations based on the database of 12,508 samples.
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DISCUSSION
Assessing octocoral habitat preferences
Thirty-two environmental variables were tested for their relationship with the distribution of octocorals. The carbonate chemistry variables calcite and aragonite saturation state were amongst the best performing for single-variable models and weighted heavily in the marginality of the ENFA models.
Although the relative importance of aragonite and calcite may vary among taxa, octocorals do require an accessible source of calcium carbonate for their structural development (Bayer & Macintyre, 2001) . Calcite is essential in the skeletal structure of octocorals, as the free or fused plates, sclerites, that are embedded in the mesenchyme provide overall support for colonies as well as for specific structures such as polyps (Bayer & Macintyre, 2001; Millero, 2006) . The variable of calcite saturation state was the major contributing factor determining the final model for all Alcyonacea suborders and the second most important factor for Pennatulacea suborders, although there is a risk of overinterpretation of the reported variable contributions given the intercorrelation of all environmental variables. Figure 2 Bean plots showing frequency distribution profiles for selected environmental variables at locations with deep-sea octocoral observations. Al, Alcyoniina; Ca, Calcaxonia; Ho, Holaxonia; Sc, Scleraxonia; Se, Sessiliflorae; St, Stolonifera; Su, Subselliflorae; BG, global background based on a random sample of 5000 points. Black 'beans' represent frequency distribution profiles, wider sections indicate higher sample density, black horizontal bars show suborder means. Calcite and POC productivity refer to the calco and poc measures of Table 2 , respectively. App. oxygen util. = apparent oxygen utilization.
If we examine the calcium carbonate saturation state for documented octocoral locations, less than 3% of octocoral observations were found in waters undersaturated (X < 1) for calcite (Fig. 2) . Less than 1% of Stolonifera observations were found in waters undersaturated with respect to calcite. This proportion was 6% for both Scleraxonia and Sessiliflorae. The proportions of records found in waters undersaturated with respect to aragonite were higher (Appendix S2b); 12% of octocoral observations were undersaturated (X < 1). This reflects the shallower saturation horizon for aragonite compared to calcite. For specific suborders, 15-20% of Scleraxonia, Sessiliflorae and Calcaxonia observations were below the aragonite saturation horizon, whist the other suborders are in the range 5-7%. However, there was a substantial difference between the results using the alternate calcite saturation state layers. The data based on Orr et al. (2005) places 10% of octocorals in areas of undersaturated waters with respect to calcite and reflects differences between the creation of the two datasets. Davies & Guinotte (2011 ) utilized Orr et al. (2005 data for modelling scleractinians despite drawbacks in the extent of the data. We chose to use Steinacher et al. (2009) given the larger extent and better fit with the octocoral data used in this study. In addition, many of the specimens showing conflicting saturation states are found in the waters off the Aleutian Islands, an area with high octocoral diversity and abundance and a relatively shallow calcite saturation horizon (c. 260-440 m based on Orr et al., 2005) . We note that the coral presence dataset was biased towards shallower areas, which are more likely to have higher calcium carbonate saturation states. Appendix S2c provides a depth distribution breakdown for all suborders demonstrating a pattern of lower sampling and lower saturation state at greater depth. It is difficult to gauge the true extent of the depth-sampling bias, particularly in a global scale analysis, and certainly some octocorals thrive in deep waters with very low calcium carbonate saturation states.
Increasing atmospheric CO 2 levels directly leads to ocean acidification and a shallowing of both the aragonite and calcite 
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Journal of Biogeography 39, 1278-1292 saturation horizons (Feely et al., 2004) . Some regions of the world ocean (e.g. the Weddell Sea) are projected to become undersaturated with respect to aragonite and calcite across the entire water column by the year 2100 (Orr et al., 2005) . As a result, large areas of octocoral habitat (both predicted and documented) that are presently located in saturated waters will experience undersaturated conditions within this century (Orr et al., 2005; Guinotte et al., 2006) . The impact of reduced calcium carbonate saturation states on octocoral health is currently uncertain as no high CO 2 laboratory experiments have been performed on cold-water octocorals. Topographic information derived from bathymetric data has been used in habitat suitability modelling (Wilson et al., 2007; Woodby et al., 2009) . Topography influences sedimentation, current flow and food supply (Davies et al., 2009) . In this study we found the average slope based on a surrounding 100 km radius to be the most predictive topographic variable, consistently outperforming the more localized slope and ruggedness measures. The finest scale measures of slope and ruggedness presented here are directly derived from the bathymetry data and are at an approximate scale of 1 km. This resolution is not sufficiently detailed to reveal local features that are located wholly within one grid cell.
Previous studies have shown hydrodynamics to be important factors determining octocoral distribution on sections of the continental shelf of North America (Bryan & Metaxas, 2007) . The regional flow variable was the highest weighted marginality factor for four of seven ENFA models, demonstrating a consistent differentiation between the regional flow profile of octocoral locations compared with the global ocean mean. Although the data suggest that octocorals dwell in areas of stronger current than the global average, this does not translate into predictive power for the habitat suitability models. In this study the single-layer models based on hydrodynamics performed the worst of all variables in terms of predictive power. This may be a scale issue, as the globalscale current layers do not contain detail of locally varying factors, such as currents influenced by topography, which are important for corals (Genin et al., 1986; Tittensor et al., 2009) .
The correlation of habitat suitability maps presented in Table 5 demonstrates the similarity of niches for all suborders (mean I = 0.79). The lowest correlation between any pair of suborders was for the sister suborders of the soft sediment specialists Pennatulacea (seapens): Sessiliflorae and Subselliflorae (I = 0.71). These two groups are structurally different with respect to polyp morphology and distribution and this could be interpreted as evidence of niche separation between the taxa. The greater extent of suitability for Sessiliflorae is apparent in the Atlantic (Fig. 1) , where large areas of deeper water are shown to be suitable, which is in contrast to other suborders that are more focused on the high relief features of continental margins and major ridges. Some species of Sessiliflorae have adapted to life in abyssal waters by evolving macrophagy as a feeding strategy (e.g. Umbellula). The Calcaxonia have the widest habitat suitability of all the suborders, approximately 12.9% of global ocean area is suitable habitat (Table 4 ). This area is three times greater than the total area suitable for Holaxonia. However, these numbers are dependent on the choice of threshold selection and alternative thresholds could produce substantial differences in total area (Liu et al., 2005) . Also we note that these areas are likely to be optimistic predictions of actual distributions as they are estimates of the potential rather than the realized niche.
Sampling bias
The 12,508 samples of octocorals represent the most extensive global database of cold-water corals yet produced, including samples dating from the 1880s through to the present day. The data are inevitably biased, due to geographically and vertically heterogeneous sampling effort and data availability. We Table 4 Model evaluation statistics for maximum entropy (Maxent) models of global distribution of deep-sea octocorals based on the seven selected variables. Thresholds are based on the maximum sensitivity plus sensitivity of the test data set. consider that the continental shelves of the North Atlantic and Pacific North America and Hawaii are relatively well sampled in comparison to most other areas, particularly in contrast to the high seas and much of the South Pacific and Indian oceans. However, as long as the data span the entire environmental envelope of each suborder and assuming a similar environmental response between regions for octocorals, there should be little or no effect of the bias on the habitat suitability models. This is confirmed by the test for regional bias, which showed that removing heavily sampled areas from the analysis produced similar results. Other biases may influence the model, such as the area differences of the pixels of the environmental grid, or other sampling issues, such as depth bias. Octocorals have been reported down to depths of 6620 m , but more than 85% of the samples are reported from depths shallower than 3000 m. The deep sea is difficult and expensive to sample, and undersampling of deep-sea habitats is always likely to be an issue for these types of analyses. The models accounting for depth bias had AUC scores significantly worse than those without depth-bias correction (AUC values range from 0.857 to 0.923, P < 0.001 for all models). This is the opposite to the pattern reported by Phillips et al. (2009) , who found an improvement of AUC for bias-corrected models in areas with known sampling bias and used this improvement of model performance to justify their bias correction. For effective correction the bias must be well understood so that background data can be selected with the same bias as the specimen observations. Selecting background data to match the variable (i.e. depth) distribution profiles of occurrence data carries the underlying assumption that the observed profile is indicative of the sampling bias and is not indicative of any habitat preference. This assumption is incorrect for our data. Almost certainly we have both some level of sampling bias and a depth-based habitat preference and the latter confounds the former. At present we are unable to quantify the true extent of depth-based sampling bias relative to the habitat preference and cannot justify employing a model correction that reduces model performance. The models reported in this study are developed at the suborder level, rather than the species level commonly used in habitat suitability studies. The resulting models are likely to describe an artificially wide niche that encompasses the disparate habitat requirements of many species along with intermediate habitats that may prove unsuitable for any individual taxon. The potential problem of multi-taxon profiling is most evident for the Stolonifera, for which the temperature, calcite and salinity profiles show a bimodal distribution (Fig. 2) . Many habitat suitability algorithms underperform when modelling taxa with bimodal distribution patterns (Sangermano & Eastman, 2007) . Breaking down the taxonomy of this suborder reveals a generic pattern underlying the bimodal distribution, with the two genera with greastest representation (Telesto and Clavularia) exhibiting divergent depth profiles (Fig. 5) . However, the difficulties associated with octocoral taxonomy mean that generic identifications are not reliable, and the suborder level is at present the highest possible taxonomic resolution that can be used for global habitat suitability models.
CONCLUSIONS
Temperature, salinity, broad scale slope, productivity and oxygen levels were identified as key factors in the distribution of these corals. The calcite saturation state was found to be the key variable limiting distribution, with perhaps as few as 3% of octocorals found in areas undersaturated for calcite, although this may be higher due to the depth-based sampling bias and dependent on source carbonate chemistry data. We estimate that approximately 3.5% of the global ocean is suitable for all seven suborders of octocorals and perhaps 17% is suitable for at least one suborder. The northern Atlantic and the coastal continental shelves of the Pacific Ocean are areas of high octocoral suitability. Other areas yet to be extensively surveyed, such as the British Indian Ocean Territory and smaller topographic features, including many seamounts in the high seas, were shown to contain potentially suitable habitat. Given the difficulty and expense of sampling the deep sea, it is likely that habitat suitability models will play an ever more important role in predicting the distributions of deep-sea fauna. We have provided results for models of seven octocoral suborders; these could be used to help guide management and conservation of this diverse group of cold-water corals. Figure 5 Frequency distribution of selected variables within suborder Stolonifera. The profiles for the two most sampled genera (Clavularia and Telesto) account for the bimodal frequency distribution seen in Fig. 2 . The calcite saturation state is based on Steinacher et al. (2009) .
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